Astral microtubules (MT) emanating from the mitotic apparatus (MA) during anaphase are required for stimulation of cytokinesis in eggs. We have used GFPlabeled EB1 to observe MT dynamics during mitosis and cytokinesis in normal sea urchin eggs. Analysis of astral MT growth rates during anaphase shows that MTs contact the polar cortex earlier than the equatorial cortex after anaphase onset, but that a normal cleavage furrow is not induced until contact with MTs has been achieved throughout the cortex. To assess the role of MT dynamics in initiation of cytokinesis, we used a collection of small molecule drugs to affect dynamics.
Introduction
Cytokinesis is the process by which the cytoplasm is divided at the end of mitosis in order to form two daughter cells. Much has been learned about the actomyosin ring that generates the contractile force required for cytokinesis, however many questions remain regarding mechanisms that specify the place and time for contractile ring assembly and activation. The cleavage furrow normally bisects the mitotic apparatus (MA) at the plane of the former metaphase plate (Wilson, 1928) , and microtubules (MTs) of the MA are essential for communication of the contractile signals (Beams and Evans, 1940 ). Several models have been proposed to describe the initiation of cytokinesis, each of which attributes the source of the signal to a different MT population within the MA (Balasubramanian et al., 2004; Burgess and Chang, 2005) . In one of the most well studied cell types, the cleaving echinoderm egg, positioning of the furrow is determined by equatorial stimulation from two asters and not by the bundled MTs of the spindle midzone, kinetochores, or by the polar astral MTs (Rappaport, 1996) which may play a stimulatory role in other cell types (Burgess and Chang, 2005; D'Avino et al., 2005; Glotzer, 2005) . However, the nature, degree, and extent of contact between the astral MTs and the cortex required for stimulation of cytokinesis is not yet determined.
Changes in MT dynamics facilitate structural reorganization of the MA during cell division. At the metaphase-anaphase transition astral MTs elongate due to decreased catastrophe or increased rescue, kinetochore MTs shorten to segregate the chromosomes, and spindle midzone MTs grow to promote separation of the spindle poles (DeBrabander et al., 1986; Snyder and Mullins, 1993; Zhai et al., 1995; Mallavarapu et al., 1999; Rusan et al., 2002; Piehl et al., 2004) . Anaphase onset is a necessary condition for stimulation of cytokinesis in cleaving eggs (Shuster and Burgess, 2002) and it is at this time that astral MTs undergo a dramatic elongation toward the cortex. Changes in MT dynamics are essential for induction of cytokinesis due to the necessity of astral MTs to grow at anaphase onset to contact the cell cortex. However, the nature of MTs competent to induce furrowing remains unclear.
One hypothesis for furrow formation is that the cortex is sensitive to or alters the dynamic state of MTs upon MT contact with the cell cortex. A recent report suggested that MT stabilization is required for stimulation of cytokinesis since furrowing correlated with sites of contact between chromosome associated stable MTs and the cortex, and that selective stabilization of equatorially-directed astral or periperal spindle MTs occurs as a result of their elongation past the chromosomes during anaphase in mammalian tissue cells (Canman et al., 2003) . Astral MTs not associated with chromosomes that contacted the cortex, but then retracted due to catastrophe were not observed to correlate with furrow ingression (Canman et al., 2003) . On the other hand, there are conflicting reports on the ability of taxol-stabilized astral MTs to induce furrowing (Hamaguchi, 1998 , Salmon, 1984 . While these reports suggest that some period of sustained contact with the cortex is required for furrow stimulation, they do not resolve the question of whether or not the stabilized dynamic state of these astral MTs participates in positioning and signaling cytokinesis.
We describe here a complete analysis of the geometry of the MA relative to the cortex in dividing eggs. We have performed a series of experiments designed to characterize MT dynamics in dividing sea urchin eggs using confocal time-lapse imaging of live cells injected with GFP-EB1 as it tracks the plus ends of elongating microtubules, and then test whether or not the dynamic state of microtubules is important for initiation of cytokinesis. A battery of small molecule compounds that modulate MT dynamics was applied to cleavage stage sea urchin embryos, and then the ability of the MA to stimulate furrowing was assessed. Our results indicate that furrow initiation occurs after contact between the cortex and astral MTs has been achieved and that the dynamic state of MTs before cortical contact is not relevant to their ability to stimulate cytokinesis.
Materials and Methods

Collection and fertilization of sea urchin eggs
Gametes were collected from L. pictus by intracoelemic injection of 0.5 M KCl. Jelly coats were dissolved from eggs in calcium-free sea water (CaFSW) prior to fertilization.
Sperm were diluted 1000X in sea water and acrosome activated by vigorous aeration.
They were then added dropwise to eggs in sea water until fertilization was achieved.
Fertilization envelopes were removed 1 minute after fertilization by pouring eggs in CaFSW through Nitex mesh.
Chemical modification of microtubule dynamics
Microtubule dynamics of mitotic cells in early cleavage stage embryos were modulated by treatment with either 50 mM urethane, 0.75% hexylene glycol, 0.01 μM nocodazole, or 100 μM taxol. Taxol was microinjected into cells at discrete times and locations.
Conditions for microinjection and micromanipulation are as described earlier (Shuster and Burgess, 1999) . All other treatments were applied after nuclear envelope breakdown, but prior to anaphase onset.
Fixation and Immunofluorescence
L. pictus embryos were cultured to the desired stage in CaFSW, washed once in a 10X volume of Isolation Buffer (80 mM PIPES, 1 M glycerol, 5 mM EGTA, 5 mM MgCl2), and then incubated on an end-over-end rotator at room temperature for 1-3 hours in a 10 X volume fixation buffer (80 mM PIPES, 1 M glycerol, 5 mM EGTA, 5 mM MgCl2, 3.7% formaldehyde, 0.5% NP-40 (Strickland et al., 2004) . After fixation, embryos were washed three times in 10X volumes of PBS and subsequently stained for immunofluorescence. Immunofluorescence was performed by incubating the embryos on an end-over-end rotator with the appropriate dilution of primary antibody or secondary antibody in PBS with 3% BSA for 1-3 hours at room temperature. Three washes in a 10X volume of PBS were performed after each incubation.
Antibodies
E7 mouse anti-tubulin was obtained from Developmental Studies Hybridoma Bank and used for immunofluorescence at a dilution of 1:50. Alexa488-anti-mouse was obtained from Molecular Probes and used for secondary detection of immunofluorescence at a dilution of 1:200.
Expression, purification, and microinjection of GFP-EB1
A pGEX plasmid containing His-tagged hEB1-EGFP was obtained from Lynne Cassimeris (Piehl and Cassimeris, 2003) and transformed into the BL21-D3pLys strain of E. coli. 200 mM IPTG was used to induce expression, and the fusion protein was purified on a NiNT3 column. Purified protein was then dialysed into Injection Buffer (150 mM aspartic acit, pH 7.2, 10 mM HEPES), and stored at -80°C until use. Protein was injected at a concentration of 1 mg/ml as described elsewhere (Shuster and Burgess, 1999) .
Image acquisition and fluorescence quantitation
Wide field fluorescence microscopy and Nomarski DIC were performed on a Nikon TE200. Chromosome movements during mitosis and cytokinesis were visualized with Hoechst stain, diluted 1:10,000 (Molecular Probes). Confocal images were acquired on a Leica TCS SP2 microscope equipped with an argon/krypton laser.
Quantitation of microtubule density was based on fluorescence intensity of confocal immunofluorescent images using the Leica software. Briefly, a rectangular region of interest (ROI) was selected at the polar region of an image, and then copied to the equatorial region. The quantitation function was applied to determine the fluorescence intensity based on pixel density of each ROI. In order to account for differences in raw fluorescence values between one image and the next, the polar intensity value was divided by the equatorial intensity value, generating a ratio of fluorescence at the pole relative to fluorescence at the equator for each image. The average ratio was then calculated for each group of images analyzed.
Determination of MT growth rates
Microtubule growth rates were measured in anaphase-stage cells that had been microinjected with hEB1-EGFP by time-lapse confocal microscopy. In order to track the plus ends of individual microtubules, we zoomed into one quadrant of the cell that represented polar and equatorial astral microtubule growth. Microtubules whose trajectory of growth remained within the confocal plane for a minimum of 15 seconds were measured. Each acquisition required a 4.5 second scan time, and images were acquired every 5 seconds. Therefore, at least three time-lapse frames of the same microtubule were required for each grow rate measurement. Measurements from each frame were made from the center of the hEB1-EGFP tip to the site of nucleation at the centrosome, and the measured distance over time represents the rate of elongation. Two polar and equatorial astral MT growth rates were obtained from the same cell, and the measurements were repeated in three different cells.
Results
Microtubules undergo a dramatic change in their dynamic properties at the metaphaseanaphase transition
The distribution of microtubules in fertilized sea urchin eggs as they undergo division reflects their dynamic changes at anaphase onset. Wide field fluorescent microscopy of fixed embryos stained with antibodies against tubulin reveals that the egg is virtually full of MTs at the time of cleavage stimulus ( Figure 1A ). When viewed by confocal microscopy, specific structural characteristics of the MA can be seen ( Figure   1B ). At metaphase, which lasts only 5 minutes in this cell, the asters have an average diameter of 30 μm and the spindle averages 29.8 μm in pole-to-pole length ( Figure 1 , Table 1 ). We determined the distances between the asters and the cell cortex at both the poles and equatorial surfaces from confocal images of MT immunofluorescence in metaphase cells (Figure 2 , Table 1 ). Measurements were made from the periphery of the astral MTs to the edge of the cell. These measurements represent the distances that the asters must expand beyond their metaphase diameter in order to contact the cortex after anaphase onset. At metaphase, distance from the astral periphery to the polar cortex is 17.7 μm and the distance from the astral periphery to the equatorial cortex is 34.3 μm.
During anaphase, the asters expand until the tips of the MTs contact the cortex. The bundled MTs of the spindle midzone or central spindle do not appear until after furrow initiation has taken place ( Figure 1B) If astral MT elongation at anaphase occurs at a uniform rate in all directions, then the MTs emanating toward the poles should be the first to contact the cell cortex. To visualize MT growth, we microinjected GFP-EB1 into fertilized eggs and observed live MT dynamics by time-lapse confocal microscopy ( Figure 1C , Supplementary Movies 1-5). GFP-EB1 localized prominently to the centrosomes and spindle midzone and also decorated the tips of astral MTs that rapidly alternated between periods of growth and catastrophe during metaphase, and abruptly began to elongate at anaphase onset, reflecting a decrease of MT catastrophe (see below). Kinetochore MTs shortened, the centrosomes expanded to form elliptical structures, and the spindle midzone MTs became bundled after initiation of anaphase. Microinjection of GFP-EB1 did not affect mitotic progression, morphology of the MA, rate of chromosome movement, timing of cytokinesis relative to anaphase onset, or duration of furrow ingression (data not shown).
High magnification views of specific populations of MTs allowed us to track the growth of individual MTs through several 5-second acquisition periods ( Figure 1D ). We compared the growth rates of astral anaphase MTs directed toward the poles with those of astral anaphase MTs directed toward the equatorial cortex, and found that populations of astral MTs elongate at similar rates of 10 (+/-2) μm/min and 8.2 (+/-2) μm/min, respectively (Table 2 ). Since astral MTs elongate at a comparable rate in all directions at anaphase onset, yet the distance to the equator is nearly twice the distance to the pole, we predict that the polar-directed MTs contact the cortex 2-3 minutes after anaphase onset, and equatorially-directed MTs contact the cortex 3-5 minutes after anaphase onset.
These estimations of time of contact are consistent with our observations of GFP-EB1 time-lapse movies in which the whole cell is in the field of view and the polar and equatorial astral MT populations can be observed during anaphase progression. When we monitored mitotic progression by staining the chromosomes with Hoechst, we found that cytokinesis begins an average of 13 minutes after anaphase onset (Table 2) .
Therefore, MTs reach all parts of the cortex 7-10 minutes prior to furrow ingression.
The polar relaxation hypothesis of furrow initiation suggests that due to a local concentration of astral influence at the poles, relative to the equator, cortical tension in the poles is decreased and therefore furrows form at the equator (Wolpert, 1960; White and Borisy, 1983, Dechant, 2003) . Meanwhile, the equatorial stimulation hypothesis proposes that a maximum of stimulatory signals arise at the equator due to the overlapping influence from both asters in this region (Rappaport, 1996) . Both of these classical models assume that a differential of MT density in the cortex at the time of stimulation, and not the biochemical character of the MT plus ends, is sufficient to account for furrow ingression (Dechant and Glotzer, 2003) . Polar relaxation requires a density minimum at the equator, and equatorial stimulation requires a density maximum at the equator. To address this conflict in sea urchin eggs, we measured MT density in different regions of the cortex based on fluorescence intensity from confocal images of eggs stained for tubulin ( Figure 3A ). We defined polar and equatorial regions of interest for eggs that had just undergone anaphase onset, but had not yet begun to elongate in preparation for division (early), eggs in later anaphase at the time of furrow induction that were oval-shaped due to anaphase B spindle pole separation (mid), and eggs that have just begun to furrow (late). We then determined the fluorescence intensity from the specified regions, calculated the average intensity of each region in each group (n=5), and plotted the ratio of Pole:Equator fluorescence ( Figure 3B ). A value greater than 1 shows greater polar density, while less than 1 indicates a greater equatorial density.
Consistent with our observation that astral MTs directed toward the poles contact the cortex earlier than those directed toward the equator, MT density was greater at the poles than at the equator in the early cells that were fixed just after anaphase onset.
However, in the middle group of cells that were fixed at the time of furrow induction, we found that the Pole:Equator ratio was very near 1, demonstrating that the MT density is equal at the time of furrow initiation and during the period of cleavage stimulus.
Furthermore, the density of MTs at the pole versus equator remained equal in cells that had initiated cytokinesis (Figure 3 ). These data indicate that the density of astral MT contact with the polar versus equatorial cortex is the same at the time the stimulation of furrowing occurs, and therefore MT density alone is not a determining factor in furrow initiation. In support of this conclusion is the finding that astral MTs emanating toward the polar and the equatorial cortex become uniformly acetylated during anaphase (data not shown), suggesting that all populations of astral MTs become stabilized and elongate during anaphase prior to contacting the cell cortex.
Microtubules undergoing persistent elongation are able to stimulate a cleavage furrow
To investigate the influence of MT dynamics on furrow initiation, we treated eggs with small molecule compounds that alter MT dynamics and assessed their effects on cytokinesis. Hexylene glycol (HG) has been reported to increases MT stability (Oka et al., 1991 , Conrad, 1994 , Tirnauer, 2004 . We treated metaphase eggs with HG and then added a dose of nocodazole (NZ) sufficient to depolymerize the asters in control cells ( Figure 4A ). Imaging of MTs revealed that pre-treatment with 0.75% HG protected the asters from depolymerization by NZ, indicating that HG stabilizes astral MTs. Treatment with 0.75% HG alone resulted in a robust MA compared to controls ( Figure 4B ). Cells fixed shortly after HG treatment while still in metaphase had dense asters with an average diameter of 55.1 (+/-3) μm, compared to 30.5 (+/-5.5) μm in untreated controls (Table   1) . With larger metaphase asters, the MTs at anaphase have a shorter distance to travel to the cortex to stimulate furrowing. The astral MTs directed toward the pole must grow 15.1 μm, and those directed toward the equator must grow 28.6 μm (Table 1) . Similar to controls, we found that in cells fixed during early anaphase, the density of MT-cortical contact was greatest at the poles, but that in cells fixed slightly later in anaphase but prior to furrow ingression, astral MTs contacted the cortex at all points around the cell perimeter with equal density ( Figure 4B ). We found that in HG-treated cells, the cleavage furrow began ingression 3.5 minutes earlier relative to anaphase onset, than in untreated controls (Table 2) . Thus, astral MTs contact the cortex earlier in HG cells than in untreated controls and HG promotes MT growth either by accelerating the polymerization of MTs or by preventing MT catastrophe.
To observe the effect of HG on MT dynamics, we microinjected GFP-EB1 and then imaged the injected cells by confocal time-lapse microscopy ( Figure 4C and Supplementary Movies 6 and 7). In HG-treated cells, GFP-EB1 bound along the length of the MT lattice, rather than just at the tips ( Figure 4D ). EB1 has been shown to associate with elongating MT tips with a higher affinity than the MT lattice, but will bind along the length of stabilized MTs, such as occurs during interphase (Piehl and Cassimeris, 2003 , Morrison, 2001 , Tirnauer et al, 2002 . The binding of GFP-EB1 along the MT lattice in HG-treated cells suggests stabilization of the astral MTs, therefore leading to persistent elongation during anaphase.
We tracked the growth rates of individual anaphase astral MTs growing toward the poles or equator ( Figure 4E ), and found that MTs in HG-treated cells grew at nearly the same rate as in untreated controls, an average of 8.2 (+/-2) μm/min for polar-directed astral MTs, and 8.0 (+/-2) μm/min for MTs directed toward the equator (Table 2 ). Since HG did not appear to affect the rate of MT assembly and promoted the binding of GFP-EB1 along the MT lattice, we conclude HG promotes MT stability and elongation by reducing MT catastrophe or promoting rescue. Furthermore, HG treatment results in premature stimulation of cytokinesis coincident with early contact between the elongating asters and the cell cortex. These experiments support the idea that stabilized MTs are sufficient to stimulate a furrow.
Hexylene glycol had additional effects on the structure of the MA. We measured the length of the mitotic spindle by determining the distance between the spindle poles in confocal images of immunofluorescecent cells stained for tubulin. The pole-to-pole length of the spindle at metaphase was longer in HG-treated cells, averaging 35.4 (+/-4) μm, compared to 29.8 (+/-3) μm in untreated controls (Table 2) . During anaphase, at the time of furrow ingression, the distance between spindle poles in HG-treated cells had increased to 56.1 (+/-4) μm, compared to 42.5 (+/-6.6) μm in control cells (Table 1) .
Despite the effect of HG on spindle length, it did not affect the rate of chromosome segregation during anaphase, which was measured to be 4 μm/min in both groups (Table   2 ). Chromosome segregation rates were measured by time-lapse microscopy of Hoescht-stained cells. These results are consistent with HG increasing the stability of the anti-polar spindle midzone MTs and thus resulting in an elongated spindle.
Microtubules with diminished dynamics are able to stimulate a cleavage furrow
We next assessed the effects of taxol (paclitaxel) on the ability of the MA to stimulate cytokinesis. Taxol is a MT stabilizer which results in reduced dynamic behavior and suppression of MT disassembly (Checchi et al., 2003) . Treatment with taxol resulted in a metaphase MA with very dense asters of a large average diameter of 45.1 (+/-7) μm, relative to 30.5 (+/-5.5) μm in controls ( Figure 5A , Table 1 ). Time-lapse imaging of GFP-EB1 revealed that the asters of taxol-treated cells did not significantly expand during anaphase, and GFP-EB1 gradually became dispersed from MTs, indicating suppression of MT dynamics ( Figure 5B ,C, Supplementary Movies 8 and 9) (Yvon et al., 1999) . Anaphase astral MTs did not undergo periods of elongation long enough for us to track, making it impossible to obtain measurements of growth rates.
The effect of taxol treatment on mitotic progression was variable. Taxol-treated cells were generally unable to undergo anaphase chromosome segregation, likely due to activation of the spindle checkpoint and subsequent metaphase arrest. Among the cells that were able to complete mitosis, chromosome segregation occurred at 3.7 (+/-1) μm/min, slightly slower than in controls ( Table 2 ). The spindle was unable to substantially elongate beyond its metaphase length of 21.8 (+/-0.5) μm ( Table 1) In a previous study, a high dose of taxol was microinjected into sea urchin eggs against one side of the anaphase MA, resulting in failure of furrowing on this side of the cell, local suppression of MT dynamics and dense asters that failed to elongate (Hamaguchi, 1998) . Consistent with Hamaguchi's results, we found that cells microinjected with taxol formed unilateral furrows in the equatorial plane on the uninjected side of the MA, and failed to furrow on the injected side ( Figure 5D , Supplementary Movie 10). Hamaguchi concluded that taxol stabilized MTs were unable to stimulate a furrow. We wished to determine if the failure to furrow on the injected side was the result of altered MT dynamics, or the failure of the astral MTs to contact the cortex. To distinguish between these two possibilities, we microinjected 100 μM taxol on one side of the MA at anaphase onset, and then used a glass microneedle to manipulate the taxol-injected side of the MA against the cortex ( Figure 5E , Supplementary Movie 11). In three independent experiments, a furrow formed at the normal equatorial site on the taxol-injected side of the cell, following micromanipulation.
These experiments suggest that stabilized MTs are sufficient to stimulate a furrow.
Microtubules undergoing increased catastrophe are able to stimulate a cleavage furrow
Urethane (ethyl carbamate) is a small molecule compound that has been used as a MT inhibitor (Rappaport and Rappaport, 1984; Rappaport, 1996) . Eggs that are treated with urethane undergo mitosis, but become binucleate due to failure to initiate cytokinesis ( Figure 6A ). Visualization of MTs by immunofluorescence in mitotic sea urchin eggs treated with 60 mM urethane revealed that astral MTs were diminished in length, with an average astral diameter of 25 μm at metaphase (Table 1) . During anaphase the asters became dense with MTs, but failed to elongate and did not contact the cortex. The metaphase pole-to-pole spindle distance was also reduced in length relative to controls, at 19.7 (+/-2.5) μm compared to 29.8 (+/-3) μm for controls, and remained short throughout mitosis, elongating to an average of just 25.5 (+/-2.5) μm ( Figure 6 , Table 1 ).
Rappaport showed previously that micromanipulation of the MA toward the cortex in a urethane-treated cell results in initiation of a furrow (Rappaport and Rappaport, 1984) . We were able to confirm this finding ( Figure 6B ) and were therefore interested in the dynamic state of MTs in cells that have been treated with urethane. The reduced length of the MTs in urethane-treated cells could be due either to increased catastrophe, or decreased polymerization. In order to distinguish between these possibilities and assess the effects of urethane on MT dynamics, we microinjected GFP-Supplementary Movie 11). MT polymerization did not appear to be affected by urethane treatment, since GFP-EB1 decorated the tips of elongating MTs in all portions of the MA with an equal intensity of brightness to that seen in untreated controls, and elongated for brief periods with a velocity resembling that of controls. Typical EB1 comet tails were seen to emanate from the centrosomes at both poles, revealing rapid phases of astral MT elongation, however the asters failed to expand during anaphase beyond their metaphase diameter. Furthermore, the asters increased in density at anaphase onset, indicating increased polymerization, which is a normal event associated with the metaphaseanaphase transition. It therefore appears that the shortened MTs in urethane-treated cells result from increased catastrophe, rather than slowed elongation. Our criteria for measuring MT growth rates was that the MT tip must remain in the confocal plane through three acquisitions at 5 second intervals. In urethane-treated cells, we were unable to identify any MTs that met this criteria, arguing that the MTs underwent very short periods of elongation prior to catastrophe. These findings indicate that urethane suppresses MT growth by increasing MT catastrophe, and not by decreasing polymerization. The fact that urethane-treated cells initiated a furrow upon manipulation of the MA to the cortex demonstrates that MTs with increased catastrophe are sufficient to stimulate a furrow. We conclude that stable MTs are not required for initiation of cytokinesis.
Discussion
Microtubules of the MA are required for stimulation of cytokinesis, however, the nature of this requirement is unknown. In the large spherical eggs of echinoderms, the astral microtubules are responsible for communication of signals to the cortex (Rappaport, 1996) . We find that cytokinesis can be stimulated under conditions that suppress MT dynamics, promote MT elongation, or promote MT catastrophe, as long as MT plus ends are able to physically contact the cell cortex.
Stable MTs are not required for furrow initiation
It has been reported that MT stabilization correlates with stimulation of cytokinesis since furrowing occurred at sites of contact between chromosome associated stable MTs and the cortex in tissue culture cells, and that selective stabilization of equatorially-directed astral MTs occurs as a result of their elongation past the chromosomes during anaphase (Canman et al., 2003) . Astral MTs that contacted the cortex, but then retracted due to dynamic instability were not observed to correlate with furrow ingression (Canman et al., 2003) . This report that furrow formation corresponds to sites of stable MT contact is consistent with the finding that flattened sea urchin eggs treated with taxol and containing multiple MAs formed furrows when the MAs were near the surface (Salmon and Wolniak, 1984) . These studies show that stable MTs are sufficient for furrow induction but do not address the question of whether the stabilized state of the astral MTs specifically contributes to furrow initiation, or whether stabilization only facilitates persistent contact with the cortex.
In the cells that we studied in this report, the astral MTs that stimulate a furrow are not associated with chromosomes, therefore some other aspect of the astral MTs must be responsible for induction of the furrow. We directly tested the role of MT stability in furrow initiation by using small molecule drugs to modulate MT dynamics. We hypothesized that if stable astral MT contact with the cortex is required for stimulation of cytokinesis, then highly unstable astral MTs would not be able to stimulate a furrow, even under circumstances of physically induced contact with the cortex. We analyzed the ability of the anaphase astral MTs to stimulate furrowing in a variety of dynamic backgrounds and found that the dynamic state of the MTs was dispensable for furrow initiation, but that persistent contact with the cortex was required in all cases.
The artificially stabilized MTs of cells treated with HG displayed persistent elongation, which resulted in early contact between astral MTs and the cortex, and premature furrow formation (Figure 4 , Table 1 ). This is consistent with our previous findings showing that precocious furrowing could be induced by bringing the cell cortex into close proximity to the MA after anaphase onset Burgess, 2002, Shuster, 1999) . Suppression of MT dynamics with taxol produced dense asters that failed to elongate at anaphase. Observations of MTs in taxol-treated cells microinjected with GFP-EB1 revealed that furrows formed only in cases where contacts between the MA and the cell cortex were established ( Figure 5, Supplementary Movie 9) . Microinjection of a high concentration of taxol against one side of the anaphase MA, which has been shown to prevent local MT growth (Hamaguchi, 1998) did not inhibit furrowing when the taxol side of the MA was manipulated into contact with the cortex (Figure 5 ). Our results are therefore consistent with previous observations that taxol-treated eggs with multiple MAs were able to form furrows if the MA was in close proximity to the cell surface (Salmon and Wolniak, 1984) . Therefore, suppression of MT dynamics does not disrupt their ability to stimulate cytokinesis.
Treatment with the MT inhibitor urethane produced short, dense anaphase asters and a small spindle, which undergoes very little anaphase B, due to increased MT catastrophe and brief periods of MT growth (Figure 6, Supplementary Movie 12) . The urethane-treated MA was also competent to stimulate furrowing if manipulated into contact with the cortex, demonstrating that MT stability is not required for initiation of cytokinesis ( Figure 6 ). Our interpretation of these findings is that the cell cortex is insensitive to the dynamic state of microtubules during anaphase.
Contact between astral MTs and the cell cortex occurs earlier than furrow initiation
Rappaport's work on dividing echinoderm eggs indicates that the contractile signal emanates from the asters at a rate of 6-7 μm per minute, remarkably close to our observed growth rate of astral MTs, and that the signal must interact with the cortex for one minute followed by a 3 minute lag period prior to furrow initiation (Rappaport, 1965 (Rappaport, , 1973 . Our data indicates that MTs grow at about 9 μm/min, and that furrowing begins about 13 minutes after anaphase onset (Table 1, Table 2 ). During this 13 minutes, we find that the MTs growing toward the equator (the site of furrowing) traverse a distance of about 35μm and sustain 7-10 minutes of interaction with the cortex prior to furrowing onset whereas those directed toward the poles travel half the distance and sustain even longer periods of cortical interaction, suggesting that contact alone is not sufficient to induce furrowing (Table 1, Table 2 ). Our determination of astral MT-equatorial cortical contact time in normal spherical cells is more than twice the four-minute stimulatory and delay period required by Rappaport's experiments and thus suggests that MT contact alone is not the determining factor in signaling cytokinesis in eggs.
One possibility is that astral MTs become stabilized by their interaction with the cortex once contact has been made. If such a mechanism were spacially reinforced such that equatorially-directed astral MTs were selectively stabilized upon contact with the cortex, then these stable MTs could serve as persistent tracks for signal delivery, directly to the site of contractile ring assembly. While such a mechanism has yet to be elucidated, the time-lapse images of GFP-EB1 in dividing cells reported here reveal that GFP-EB1 on equatorially-directed MT tips is diminished during furrow initiation, relative to polardirected MT tips ( Figure 1C) . Immunofluorescence of tubulin reveals that many astral MTs oriented toward the equator exist at the time of furrow initiation ( Figure 1A) . The fact that fewer EB1 comet tails emanate toward the equatorial sites suggests that these MTs may be preferentially stabilized, whereas the polar-directed astral MTs may remain dynamic, undergoing continuous rounds of growth and catastrophe in the absence of a stabilizing cortical interaction in the polar region.
Our analysis of individual MTs using GFP-EB1 to track growing MT ends demonstrates that polar and equatorial astral MTs elongate at comparable rates during anaphase (Table 2) , however polar MTs have a shorter distance to the cortex, and make first contact. These data could therefore support the "polar relaxation" hypothesis of furrow initiation in normal spherical cells, which suggests that astral MTs have a relaxing influence on the contractility of the cortex and prevent furrow formation at their sites of polar cortical contact by relieving tension. However, polar relaxation, if strictly due to MT contact, requires a local minimum of MT density at the equator during the time of the stimulus. Different MT densities between the pole and the equatorial cortex have been observed in sea urchin eggs and in C. elegans embryos although these studies were unclear as to whether microtubule density was determined at the time of the cleavage stimulus (Asnes and Schroeder, 1979, Dechant, 2003) . Our findings represent the first demonstration that MT density is equal throughout the cortex during the period of cleavage stimulus. While the equatorial MT density minimum required by the polar relaxation model exists early during early anaphase, our results indicate that this condition does not exist at the time of furrow stimulation (Figure 2, Figure 3 ).
Questions of how astral MTs promote differentiation between the polar and equatorial environments remain to be addressed. Our findings argue that astral MTs convey their contractile stimulus to the cortex via some property other than their dynamics or density. Originally it was hypothesized that a maximum concentration of contractile signals arises as the equator because this site receives stimulation from both asters. However, the fact that monopolar spindles are able to induce furrowing in tissue culture cells (Canman et al., 2003) , and in eggs (Rappaport, 1991) , and at the poles of bipolar MAs in eggs (Rappaport, 1991) are able to induce a furrow, refutes this idea. One possible explanation is that the tips of the astral MTs convey spatial and temporal information to the cortex as they elongate at anaphase. Several MT plus end binding proteins have emerged as intriguing candidates for mediators of this communication between the MA and the cortex. These proteins, including EB1, p150 glued , APC, CLIP-170, and others have been shown to affect MT dynamics, and may therefore be involved in promoting MT growth toward the cortex at anaphase onset and differentiation between equatorial versus polar astral MTs (Akhmanova and Hoogenraad, 2005) . They may also play additional downstream roles in furrow initiation, since many of these proteins form complexes with one another, leading to the proposal of a MT plus end "raft". Such complexes may facilitate search and capture events between growing MTs and their intracellular targets, such as kinetochores or the cell cortex (Mimori-Kiyosue et al., 2000; Tirnauer and Bierer, 2000; Gundersen, 2002; Carvalho et al., 2003; Galjart and Perez, 2003; Gundersen et al., 2004; Vaughan, 2004) . Localization of MT plus end binding proteins to the cell cortex could provide cortical receptor sites for elongating MTs.
Indeed, such an interaction has been shown to promote nuclear positioning during cell division in yeast (Lee et al., 2000) . Alternatively, concentration of an MT binding cortical receptor to a specific region could allow anaphase astral MTs to establish stable lines of communication in a targeted fashion.
In the experiments presented here, we have shown that stable MTs are not required for furrow ingression as long as MA MTs are manipulated into contact with the cortex. It is possible that micromanipulation of the MA eliminates the need for stable contact by forcing all of the factors associated with the MA against the cortex. This study therefore does not exclude the possibility that in non-manipulated cells, some sort of stabilizing interaction between the asters and the cortex is necessary to allow for delivery of the contractile stimulus over such a substantial distance. Indeed, classic experiments in which blocking contact between the equatorial cortex and the MA was shown to compromise cytokinesis (Rappaport, 1969) may argue in favor of stable contact. Our interpretation of these studies is that while prolonged contact appears to be necessary, the astral MTs inducing the furrow need not be stable since micromanipulation of urethane-treated asters toward the cortex achieves prolonged contact between destabilized population of astral MTs and the cell cortex, and results in furrow formation.
Our findings that astral MT contact with the cortex is required for furrow initiation, and that this contact must occur after anaphase onset (Shuster and Burgess, 2002) , reinforce the idea that the metaphase-anaphase transition results in a biochemical environment that is supportive of cytokinesis, but that furrow ingression requires the partitioning of cytoplasm that is accomplished by MTs as they elongate during anaphase. Tables   Table 1. Geometric parameters of dividing L. pictus eggs. All measurements were made on image files of either tubulin-immunofluorescent or Hoechst-stained, fixed cells using measuring tools on either Leica or Metamorph software. Each measurement represents the mean value obtained from at least five independent measurements. (+/-) represents range of data. 
Measurement
